Cellulose was first modified with thionyl chloride, followed by reaction with 2-aminomethylpyridine to yield 6-(2'-aminomethylpyridine)-6-deoxycellulose. The resulting chemically-immobilized surface was characterized by elemental analysis, FTIR, 13 C NMR and thermogravimetry. From 0.28% of nitrogen incorporated in the polysaccharide backbone, the amount of 0.10 ± 0.01 mmol of the proposed molecule was anchored per gram of the chemically modified cellulose. The available basic nitrogen centers attached to the covalent pendant chain bonded to the biopolymer skeleton were investigated for copper, cobalt, nickel and zinc adsorption from aqueous solution at room temperature. The newly synthesized biopolymer gave maximum sorption capacities of 0.100 ± 0.012, 0.093 ± 0.021, 0.074 ± 0.011 and 0.071 ± 0.019 mmol.g -1 for copper, cobalt, nickel and zinc cations, respectively, using the batchwise method, whose data was fitted to different sorption models, the best fit being obtained with the Langmuir model. The results suggested the use of this anchored biopolymer for cation removal from the environment.
Introduction
The field of surface chemistry describes a variety of natural or synthetic materials suitable for chemical surface reactions, with the main objective to improve the overall capacity for applications 1, 2 . A lot of these supports are derived from inorganic compounds, such as silica and other oxides, however, some important reports describe excellent results in which are related to biopolymers [3] [4] [5] . In this sense, the most abundant biopolymer is cellulose, but, the effectiveness of its applications is associated with new synthesized polymers after chemical surface modifications, by incorporating desired molecules that possess functional groups, which are, in general, Lewis basic sites, with the investigations normally focused on sorption processes [6] [7] [8] . One of the most known synthetic methods is based on preparing, in the first step, a halogen derivative 9 , by including it on the original polymeric structure at carbon 6, as shown in Figure 1 .
Biopolymer halogenation is preferred due to the fact that chlorine is the most effective halogen, whose preferential sequence is given as follows: chlorine > bromine > iodine > fluorine. Then, the effectiveness of such reaction routes has been explored by using different chemicals as precursors, with the objective of transferring this element to the cellulosic polymeric chain. A series of other reactants are available for such process, but thionyl chloride is the most effective and, consequently, is the most used 10 , followed by phosphoryl oxychloride 11 , N-chlorosuccinimide 12 and tosyl chloride 13 . The next step of the chemical modification occurs by nucleophilic attack, which is provided by organic molecules embracing basic centers to act as chelating agents in the corresponding structure, such as nitrogen, sulfur, oxygen and/or phosphorous atoms. As mentioned before, these Lewis bases present great efficiency for aqueous metal ion removal [6] [7] [8] . However, functional basic groups attached to the pendant chains have also been employed for other important applications 9, [14] [15] [16] [17] [18] . Oxidation is another systematic process to incorporate organic moieties containing functional groups in this fantastic biopolymer that can be performed through esterification and also etherification reactions. In the first case, the reaction usually takes places on carbons 2 and 3, unlike halogenation that occurs preferentially at carbon 6, and it is also used as an intermediate step for the incorporation of other functional groups. However, both chemical processes follow the same route as halogenations, through reaction on carbon 6, with greatest advantage being the occurrence of only one step 19 . The molecule chosen to be immobilized has a chlorine atom that will react with the hydroxyl group, releasing hydrochloric acid to form the ether or ester bonds 20 . Besides, acylation has also been widely investigated as a cellulose surface modification reaction, starting from a cyclic organic in which all three structural hydroxyl groups are involved. In this case, the nucleophilic agents attack the carbonyl group of the strained anhydrides to yield ester bonds, being the most important advantage the absence of halogens in the final structure, without releasing hydrochloric acid [21] [22] [23] .
In recent years, the use of the materials based on Green Chemistry principles has been widely investigated in order to reduce the emission of pollutants from the synthetic procedures, as solvents and co-products. Thus, some investigations have already demonstrated solvent-free syntheses are desirable and the amount of organic groups immobilized under these conditions has increased 6, 7, [21] [22] [23] [24] [25] . Regarding the application of natural or synthetic materials, many pristine or chemically modified polymeric compounds have been extensively applied for cation removal from aqueous solutions and these processes can provide large amounts of metal ion retention or ion exchange processes. In this context, a lot of investigated materials with excellent sorption properties are those on synthetic mesoporous silicas and silica gel supports [26] [27] [28] , chemically modified phyllosilicates [29] [30] [31] , chitosan, as obtained and after modification with a series of pendant chains 24, 32, 33 , synthetic phosphates 34, 35 , chemically modified celluloses [6] [7] [8] [21] [22] [23] and others [36] [37] [38] . These inorganic or biopolymer materials research fields are continuously expanding, however, the biopolymers, and specially cellulose, have a huge advantage, since they are quite abundant in nature, renewable, biodegradable and easily obtained at low cost.
The simple presence of metals as extra components in nature, in a variety of forms, has encouraged finding solutions for this problem, especially when they are discharged directly to soil or to ground water. Domestic, industrial and agricultural residues are pollutant sources, which can reach not only potable water, but also the alimentary chain, affecting the entire ecosystem. In addition, the toxicity of a variety of metals in aquatic organisms has awakened and focused biological interest. Based on this unfavorable condition, efforts are focused to sorb trace metals using natural materials that can perform an important role in these species determinations in aqueous systems. Therefore, these concerns are part of an organized society that is worried about the welfare of the community and any material is welcome to apply for such applications 1, 6 . Although sorption is the most frequently used method, due to its low cost and possible support reuse, among other factors, other methods have been used for cation removal from aquatic environments, such as ion exchange 39, 40 , electrodeposition 41, 42 , precipitation 43, 44 , coagulation and flocculation 45, 46 , among others. The present investigation deals with chemically modified cellulose, after incorporating the 2-aminomethylpyridine moiety as a pendant functional chain, which is covalently bound to the polymeric framework. These attached nitrogen atoms in the pendant chains are potential sites to bond cations from aqueous solution in a heterogeneous system, whose interactive processes are followed at the solid/liquid interface.
Material and Methods

Materials and apparatus
Cellulose (Merck), thionyl chloride (Chemika), N,N'-dimethylformamide (Synth), ammonium hydroxide (Aldrich) and 2-aminomethylpyridine (Aldrich) were used as received. Cation solutions were prepared from reagent grade nitrates (Vetec).
The amount of 2-aminomethylpyridine pendant chains anchored onto the cellulose surface was calculated based on the percent of nitrogen, determined through elemental analysis on a Perkin Elmer, model 2400, elemental analyzer. The infrared spectra of the samples were obtained in KBr pellets by accumulating 32 scans on a Bomem spectrophotometer, MB-series, in the 4000-400 cm -1 range with 4 cm -1 resolution. Solid state nuclear magnetic resonance spectra of the samples for carbon were obtained on a Bruker AC 300/P spectrometer at room temperature. For each run, approximately one gram of each solid sample was compacted into a 7 mm zirconium oxide rotor. The measurements were obtained at 75. 47 MHz frequencies with a magic angle spinning of 4 kHz. In order to increase the signal to noise ratio the CP/MAS technique was used, with pulse repetition of 2 s and contact times of 1 and 2 ms, respectively. The thermogravimetric curves in an argon atmosphere were obtained on a TA instrument, coupled to a thermobalance, model 1090 B, using a heating rate of 0.167 K.s -1 , with a flow of 30 cm 3 .s -1 , varying from room temperature to 1273 K, with an initial mass of approximately 10 mg of solid sample. The amount of cation sorbed was determined by the difference between the initial concentration in the aqueous solution and that found in the supernatant, by using an ICP OES Perkin Elmer 3000 DV apparatus. For each experimental point, the repetivity was checked by at least one duplicate run. 
Preparation of modified biopolymer
For chlorodeoxycellulose synthesis, 10.0 g of cellulose (Cel), previously activated at 353 K for 12 hours, was suspended in 200 cm 3 of N,N-dimethylformamide (DMF), followed by the slow addition of 35.0 cm 3 of thionyl chloride (SOCl 2 ) at 353 K, under mechanical stirring. After ending the addition, stirring was continued at the same temperature for another 4 hours. From this reaction the cellulose chloride obtained was washed with several portions of dilute ammonium hydroxide solution and the supernatant in each operation was eliminated to return to neutral pH. To complete the washing, the suspension was exhaustively treated with distilled water. The solid was then filtered and dried under vacuum at room temperature 9 , giving 6-chlorodeoxycellulose (CelCl). Then, 1.0 g of this synthesized chlorinated biopolymer was reacted with 14.6 cm 3 of 2-aminomethylpyridine (amp) under reflux and with mechanical stirring for 4 hours, followed by filtration, using a sintered glass filter. The new solid obtained (Celamp) was dried in vacuum at room temperature for 24 hours 8 .
Sorption
The capacity of the chemically modified cellulose to sorb cations from aqueous solution, in deionized water with pH near to 6, was determined in duplicate runs, using a batch process with divalent copper, cobalt, nickel and zinc, by using a mass (m) of about 30 mg of Celamp suspended in 25.0 cm . These suspensions were mechanically stirred for 4 hours at room temperature and separated by centrifugation for 10 minutes. The supernatants were pipetted and the cations were determined by ICP OES. The sorption capacities (N f ) were calculated by considering: N f = (n i -n s ).m -1 , where n i and n s are the number of moles in the initial and supernatant solutions 25 . The sorption at the solid/liquid interface demands a competition between the solvent (solv) bonded to the anchored surface (AS) that is gradually displaced by the solute in solution to reach equilibrium:
To determine the maximum capacity, N s , the experimental data related to the number of moles in the supernatant for each point, C s , and the N f obtained were fitted to a modified 
The Freundlich equation used to obtain the sorption parameters 48 is given by the expression:
where n f represents the reactivity of energetic sites of the biomaterial and K f is a constant related to the chemical equilibrium at the solid/liquid interface. Another procedure applied to this same equilibrium was the Temkin model 49 , in which N f is calculated:
As observed, the three classic overall isotherm models are normally applied for sorption surface equilibria, with the solute under study most often measured with batchwise procedures. The amount sorbed is plotted as a function of the remaining solute concentration. Thus, the evaluation of the isotherm parameters is clearly obtained by the coefficient of determination, which value indicates the goodness of the fit between the data and the chosen isotherm.
The data obtained for solute/surface interaction in this heterogeneous system can be interpreted through the models: i) the Langmuir model assumes that similar energy of sorption sites are gradually saturated in a monolayer behavior, ii) the Freundlich model establishes the same sorption process that occurs in a multilayer condition and iii) the Temkin model admits both possibilities in solute sorbing on the surface at the same time.
In the present case, the sorption models were compared through three statistical methods. The first considers the correlation coefficient (r) obtained by means of linear regression of each equation, with a scaling factor derived by the division of each individual deviation with the standard deviation of the corresponding variable, data which was calculated in a specific program.
Results and Discussion
T h e c e l l u l o s e c h e m i c a l l y m o d i fi e d w i t h 2-aminomethylpyridine gave from nitrogen elemental analysis, a value of 0.28 + 0.02% that corresponds to the degree of immobilization of 0.10 + 0.01 mmol of this element per gram of cellulose. Based on chlorine elemental analysis a significant reduction of the amount of chlorine in the preceding chlorated precursor was observed from 17.58 to 8.61%. This reduced value is due to the molar mass of aminopyridine incorporated on the biopolymer, which result shows cellulose functionalization. The incorporated amount was low when compared to other matrices, but within the expected value, when the same molecule was immobilized, for example, onto silica-chloropropyl, it presented close results 50 . This fact can be explained by the steric hindrance caused by the hydrophobicity of this molecule.
The infrared spectra of the crude cellulose and the modified biopolymers are shown in Figure 2 . Typical wavenumbers for hydroxyl groups for Cel, such as -CH-OH and -CH 2 -OH stretching in the 3300 to 3400 cm -1 interval, are shown in Figure 2a . The methylene group stretchings from the incorporated molecule are located at 2900 cm -1 and the band in the 3000 to 2800 cm -1 range is attributed to the presence of -C-H groups, since both -CH and -CH 2 group ratio for cellulose is in a 5:1 proportion 6, 51, 52 . The OH bending vibrations for the cellulose surface are located at 1639 cm -1 , which differs from primary and secondary hydroxyl bending that appears in the 1500 to 1200 cm -1 interval, and the C-O stretching vibration 6,51,52 is observed at 1100 cm -1 . The appearance of two new bands at 709 and 752 cm -1 for chlorinated cellulose, as shown in Figure 2b , correspond to the C-Cl stretching vibration from the branched part of the original polymer. The displacement and decreasing size of the band originally observed in the cellulose at 894 cm -1 , as shown in Figure 2a , is shifted to 865 cm -1 for the CelCl compound. The spectrum of 2-aminopyridine chemically modified cellulose is shown in Figure 2c , in which a decrease of ν(C-Cl) vibration confirmed the effectiveness of the reaction. The vibrations related to aliphatic and aromatic C-H did not present significant visualization, due to the overlapping bands. In the 1670 to 1720 cm -1 interval an intense band appeared associated with the axial C − − − − − C deformation of the monosubstituted aromatic ring, as well as also to the angular N-H deformation that is observed in the 1650 to 1600 cm -1 range. The other bands were little affected by the reaction, as previously observed 6, 51, 52 .
Nuclear magnetic resonance spectrum in the solid state for the carbon nucleus of pure cellulose is presented in Figure 3a . A set of five distinct peaks are present: C1 at 104 ppm, C4 at 88 ppm, C2, C3, and C5 at 74 ppm, and C6 at 65 ppm. For CelCl several changes in the chemical shifts for C4 and mainly for C6 are observed, which are presented at 82 and 44 ppm, respectively, as shown in Figure 3b . For Celam biopolymer, whose spectrum is shown in Figure 3c , a very weak peak in the 170 to 160 ppm interval appeared, due to low immobilized amount anchored, that refers to C8, in agreement with the low amount immobilized. The presence of a new signal at 65 ppm is also observed that corresponds to the methylene group C7 of the immobilized molecule, but better visualized than C8. The other carbons, C9 to C12, are not shown, they should appear in the 120 to 150 ppm interval, however, the experimental signal collections were not efficient to demonstrate significant peaks 50, 52, 53 . The Celam sample, presented a low crystallinity, with characteristics near to the amorphous form, as shown in the diffractogram in Figure 4b , showing microcrystaline cellulose, with the appearance of peaks in the same region. Thus, as could be observed, the chlorinated cellulose presented a crystallographic profile distinct from microcrystalline cellulose 9 and the final diffractogram gave close profile to that of the microcrystalline form, as shown in Figure 4a .
The thermogravimetric curves for cellulose and the chemically modified celluloses are shown in Figure 5 . For cellulose only one thermal event is observed in the decomposition process in the 536 to 647 K range, as shown in Figure 5a , with a mass loss of 92%. The chlorinated biopolymer, as shown in Figure 5b , gave a mass loss in the 386 to 430 K interval, which correlated to the water physically sorbed onto the surface. The second step, with mass loss of 23%, between 438 and 534 K, corresponds to the displacement of hydrochloric acid, with the condensation of hydroxyl groups on carbons 2 and 3. The last event in this process, from 521 K, can be interpreted as cellulose fiber decomposition. The immobilized biopolymer Celam, as shown in Figure 5c , has a behavior close to the other chemically modified celluloses 6, 8, 22 , with the same observed events, to give the degradation order: Celam < CelCl < Cel 54 . The sorption isotherms for divalent copper, cobalt, nickel and zinc for cellulose chemically modified with 2-aminopyridine are shown in Figure 6 . As observed, the sorption order was the same as for cellulose containing ethylenediamine plus acetylacetone 8 , for this biopolymer chemically modified with butyldiamine 7 and for other anchored materials 50, 55, 56 , having maximum sorption values of: 0.100 ± 0.012, 0.093 ± 0.021, 0.074 ± 0.011 and 0.071 ± 0.019 mmol. , respectively. The basic centers ratio available in matrix (B) and the corresponding sorbed amount (M/B) are listed in Table 1 . In the present biopolymer the M/B ratio reached a value very close to one cation for two basic centers in the complexation process, indicating that the pendant chain acted as a bidentate chelating agent. This biopolymer in the present way of complexation used the total capacity of the available centers for copper and demonstrated also to be selective for cobalt. A proposed scheme of metal complexation is shown in Figure 7 , in which the available basic nitrogen centers coordinate the cations, with the charge being counterbalanced by the counter anions.
The results obtained from the Langmuir, the Freundlich and the Temkim sorption models for these divalent cations with Celam are listed in Table 2 and the new isotherms obtained from the adjusted fit models are shown in Figure 8 .
These data show that copper followed by cobalt were the cations with higher sorptions, however, for all cations excellent linear coefficients were obtained when adjusted to the Langmuir model, being values higher than 0.99. The fit for the Freundlich and the Temkin models gave lower values, which indicated that the isotherms are not well-adjusted to these models. The data obtained for solute/surface interaction in this heterogeneous system Figure 7 . By comparing the experimental isotherms with one obtained from theoretical calculations, based on the studied models, the results corroborate with the data listed in Table 2 , with a better fit to the proposed Langmuir model. The sorption isotherms, mainly for copper and cobalt, shown in Figure 6 , are adjusted to the 2 L type of the Langmuir model, following the Giles classification, with place on the cellulose surface. An expressive support for this immobilization is given by the axial C=C band related to the aromatic ring in infrared spectroscopy, followed by its chemical shift at 160 ppm from 13 C NMR, the change in crystallinity and also by the decomposition profile of the biopolymer.
The anchored biopolymer Celam presented a good capacity in cation removal from aqueous solutions, to give the maximum sorptions of: 0.100, 0.093, 0.074 and 0.071 mmol.g -1 in the order Cu 2+ > Co 2+ > Ni 2+ > Zn 2+ , demonstrating efficiency in complexing cations with a ratio near to 2:1, for basic center attached to the pendant chain/cation ratio.
The linearity obtained for the Langmuir fit for the data was higher than other models. As observed, the data shwoed that chemically modified cellulose has higher capacity than the original biopolymer for interacting with cations in solutions, which property can be used in applications in order to reduce the toxic effects of metals in the environment. a depression concavity, that is, with a slope to reach the plateau, whose behavior is an unequivocal representation of the formed monolayer 57 . These interactions can be interpreted as cation transfer from solution to basic centers attached to the pendant chains, through the complexation by the amino groups at the solid/liquid interface.
The investigation associated with cation removal from aqueous solutions based on the sorption process through metal species complexation, with chemically modified matrices, is of extreme environmental importance as established by Green Chemistry principles 58 , mainly when chemically modified surfaces are presented as efficient for this purpose. These removals from aqueous solution are promising for a series of cations.
Conclusions
A successful incorporation of the 2-aminomethylpyridine molecule in the absence of solvent onto cellulose is confirmed. Based on elemental analysis, the biopolymer Celam gave a percentage of nitrogen that opposed to the decrease amount of chlorine, after the incorporation of 2-aminomethylpyridine. This result is unequivocal evidence that an effective immobilization of such molecule took 
